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I n t r o d u c t i o n  

The q u a l i t y  o f  t h e  r e c y c l e  s o l v e n t  i s  c r i t i c a l l y  impor tan t  i n  a l l  d i r e c t  
coa l  l i q u e f a c t i o n  processes. The f a c t  t h a t  o v e r a l l  so l ven t  q u a l i t y  can be g r e a t -  
l y  improved by adding some o f  t h e  l i g h t e r  n o n d i s t i l l a b l e  products  t o  the  s o l v e n t  
i s  one o f  t h e  m s t  impor tan t  d i s c o v e r i e s  i n  d i r e c t  coa l  l i q u e f a c t i o n  research i n  
r e c e n t  years.(1! Many r e c e n t  s t u d i e s  have focused on t h e  r o l e  o f  s o l v e n t  i n  
d i r e c t  l i q u e f a c t i o n .  
s o l v i n g  coal d u r i n  i n ' t i a l  preasphal tene format ion comes from t h e  s o l v e n t  r a t h e r  
than hydrogen gas.71321 The h i g h  mo lecu la r  we igh t  aromat ic  hydrocarbons i n  t h e  
r e c y c l e  so l ven t  a r e  p a r t i c u l a r l y  adept a t  t r a n s f e r r i n g  hydrogen t o  coa l  and can 
r e t a r d  r e t r o g r e s s i v e  r e a c t i o n s  which can l e a d  t o  t h e  format ion o f  undes i rab le  
i n s o l u b l e  products .  
i n  l a r g e  p a r t  by h i a h  mo lecu la r  we igh t  s o l v e n t  

r e c y c l e  so l ven t .  
have been shown t o  be e x c e l l e n t  hydrogen t r a n s f e r  agents(4L and may a l s o  r e a d i l y  
pene t ra te  t h e  coa l  s t r u c t u r e  t o  r e  c w i t h  r e a c t i v e  coa l  species be fo re  r e t r o -  
g ress i ve  reac t i ons  can take  p l a c e . 7 5 j  

One o f  t h e  problems encountered i n  a l l  o f  these s tud ies  has been t h a t  when 
a c t u a l  process de r i ved  so l ven ts  a r e  used, t hey  a re  s o  complex t h a t  t h e  r e s u l t s  
a r e  ha rd  t o  ass ign unambiguously t o  p a r t i c u l a r  chemical p r o p e r t i e s  o f  t h e  so lvent ,  
w h i l e  t h e  use o f  model compounds have s imp ly  no t  i n c l u d e d  m a t e r i a l s  o f  s u f f i c i e n t l y  
h i g h  molecular  weight  t o  adequate ly  rep resen t  the  heav ie r  species i n  t r u e  r e c y c l e  
s o l  vents. 

t h e  heavier  m a t e r i a l s  i n  a process d e r i v e d  l i q u e f a c t i o n  so l ven t .  Solvents  obta ined 
from near e q u i l i b r i u m  o p e r a t i o n  o f  t h e  Lummus ITSL Process a r e  being used because 
o the rs  hav 
processes .76S 

It has been shown t h a t  most hydrogen t r a n s f e r r e d  t o  t h e  d i s -  

On t h e  o t h e r  hand, t h e  coke format ion r e a c t i o n s  a re  a l s o  caused 
ponents, p a r t i c u l a r l y  those con- 

t a i n i n g  phenol ics  and p o l y f u n c t i o n a l  compounds. FBT 
Other s t u d i e s  have focused on t h e  r o l e  o f  n i t r o g e n - c o n t a i n i n g  aromat ics i n  the  

The lower  mo lecu la r  we igh t  aromat ics whi h c o n t a i n  bas i c  n i t r o g e n  

The purpose o f  t h i s  work i s  t o  f u r t h e r  s tudy the  l i q u e f a c t i o n  chemist ry  o f  

hown t h a t  t h i s  s o l v e n t  i s  l e s s  complex than so l ven ts  f rom o t h e r  

Experimental 

Samples o f  SCT Recycle So lven t  (2SCT16-1122), t h e  s o l v e n t  recyc led  t o  the  
s h o r t  con tac t  t ime coa l  d i s s o l u t i o n  s tep,  and SCT Heavy O i l  Product (2SCT16-1122), 
t h e  500'F product  f rom the  same process step, were ob ta ined  from t h e  Lummus ITSL 
Process p i l o t  p l a n t .  

Analyses a re  
l i s t e d  i n  Table 1. Both have number average molecular  weights  (by vapor pressure 
osmometry) between 400-500 grams/mole. 
i m a t e l y  a 1.8: l  m ix tu re  o f  reac ted  SCT Recycle Solvent  and d i sso l ved  coa l ,  has an 
H/C r a t i o  o f  0.80, s l i g h t l y  h i g h e r  than  t h e  H/C r a t i o  o f  t h e  s t a r t i n g  I l l i n o i s  #6 
coa l  and somewhat l e s s  than t h e  H/C r a t i o ,  0.95, o f  t h e  SCT Recycle Solvent .  

I l l i n o i s  #6 coa l  used i n  t h e  Lummus ITSL Process was a l s o  obta ined and 
analyzed w i t h  the  r e s u l t s  shown i n  Table 2 .  
mately  4 percent  mo is tu re  and ground t o  more than 70 percent  -200 mesh f o r  use 
i n  t h e  process. 

Both o f  these m a t e r i a l s  a r e  b lack  s o l i d s  a t  room temperature. 

The SCT Heavy O i l  Product, which i s  approx- 

Ihe coa l  has been d r i e d  t o  approx i -  
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The procedure used f o r  t h e  l i q u e f a c t i o n  s t u d i e s  cons is t s  o f  m ix ing  s o l v e n t  
and Coal i n  a microautoc lave (%18 cc volume) and p r e s s u r i z i n q  w i t h  e i t h e r  hydrogen 
O r  hel ium, con ta in ing  a smal l  amount o f  k ryp ton  as an i n t e r n a l  standard, t o  1000 
Psis ( a t  room temperature). Standard r e a c t i o n  c o n d i t i o n s  a re  800 F f o r  5 minutes.  
The autoc lave i s  a g i t a t e d  w i t h  a w r i s t  a c t i o n  shaker and heated i n  a f l u i d i z e d  
sand bath. 
transducer. A t y p i c a l  pressure and temperature versus t ime  curve i s  shown i n  
F igu re  1. A f te r  r e a c t i o n ,  
quenching t o  600 F r e q u i r e s  %0.5 minutes. Th is  method g i ves  e x c e l l e n t  c o n t r o l  o f  
res idence t ime  a t  temperature. 

The gases a r e  t rans fe r red  t o  s torage i n  a 2 - l i t e r  evacuated gas b u l b  f o r  
l a t e r  analyses. The l i q u e f a c t i o n  products  a r e  washed f rom the  au toc lave  w i t h  THF 
and t h e  i n s o l u b l e s  a re  e x t r a c t e d  w i t h  THF i n  a Soxhlet  e x t r a c t o r .  Conversions of 
MAF THF i n s o l u b l e s  a re  c a l c u l a t e d  us ing  t h e  weights  o f  i n s o l u b l e  o rgan ic  m a t e r i a l  
( I O M )  i n  t h e  coal  and so l ven t ,  t h e  s t a r t i n g  ash con ten t  o f  t h e  s o l v e n t  and c o a l  
and t h e  mois ture con ten t  o f  t he  coa l .  
on a r o t a r y  evaporator  and t h e  r e s u l t i n g  concentrated s o l u t i o n  i s  s l o w l y  added t o  
20 p a r t s  o f  b o i l i n g  heptane pe r  p a r t  o f  THF t o  p r e c i p i t a t e  heptane i n s o l u b l e s .  
A f te r  t h e  THF i s  d i s t i l l e d  f rom t h e  m ix tu re ,  t h e  p r e c i p i t a t e  i s  a l lowed t o  s e t t l e  
ove rn igh t  and removed by vacuum f i l t r a t i o n .  The heptane i s  d i s t i l l e d  f rom t h e  
f i l t r a t e  and each o f  t h e  f r a c t i o n s  i s  d r i e d  i n  a vacuum oven o v e r n i g h t  a t  110 C, 
cooled and weighed. Net changes i n  the  amounts o f  THF solub le-heptane i n s o l u b l e s  
(asphaltenes and preasphal tenes)  and heptane so lub les  ( o i l s )  a r e  c a l c u l a t e d  by 
s u b t r a c t i n g  blank e x t r a c t i o n  data f o r  t h e  s t a r t i n g  so l ven t  and coa l  t o  o b t a i n  
d i f f e r e n t i a l  s o l u b i l i t y  changes caused by l i q u e f a c t i o n .  

A f t e r  normal iza-  
t i o n  t o  a standard k ryp ton  concenf;ation, n e t  y i e l d s  (o r  losses o f  hydrogen) f o r  
each gas a r e  ca l cu la ted .  

I 
j 
I 
I 

The au toc lave  i s  equipped w i t h  a thermocouple and r e c o r d i n g  p ressu re  

The average heatup t ime,  t o  790 F, i s  1.9 minutes.  

Excess THF i s  s t r i p p e d  f rom t h e  THF so lub les  

The gases a r e  analyzed f o r  H CO, C02, CHg, C2's and K r .  

Resul ts  and Discuss ion 

I n  order  t o  s tudy t h e  chemist ry  o f  t h e  800'F Recycle Solvent  components, t h e  
SCT Recycle Solvent  was separated by vacuum d i s t i l l a t i o n  i n t o  f r a c t i o n s  w i t h  b o i l -  
i n g  p o i n t s  above and below 800 F (427 C ) .  L i q u e f a c t i o n  experiments u s i n g  t h e  
800-F m a t e r i a l  serve as a base l i ne  t o  a l l o w  a systemat ic  s tudy o f  t h e  e f f e c t s  o f  
a d d i t i o n  o f  va r ious  f r a c t i o n s  o f  t h e  800'F m a t e r i a l s  t o  the  l i q u e f a c t i o n  so l ven t .  
A d d i t i o n a l  chemical i n s i g h t  may be obta ined by running r e a c t i o n s  i n  t h e  presence 
and absence o f  a 1000 p s i a  ( c o l d )  hydrogen atmosphere. A lso,  t h e  use o f  t h e  same 
chemical c lass  f r a c t i o n s  obta ined f rom t h e  800-F and 800'F f r a c t i o n s  may h e l p  
i l l u s t r a t e  the  e f f e c t s  o f  h ighe r  mo lecu la r  weight  on t h e  r e a c t i o n s  o f  t h e  so l ven t .  

The SCT Recycle Solvent  sample has been d i s t i l l e d  under vacuum t o  o b t a i n  
800'F and 800-F f r a c t i o n s  w i t h  t h e  r e s u l t s  l i s t e d  i n  Table 3. 
percent  o f  the sample d i s t i l l e d  below 800 F. 
r a t i o  and about 50 percent  lower  number average molecular  weight. 
i s  a lmost  e n t i r e l y  heptane so lub le .  
t h e  n i t rogen,  84 percent  o f  t h e  s u l f u r  and 76 percent  o f  t h e  oxygen i n  65 we igh t  
percent  of t he  sample. The heteroatom concen t ra t i ons  a r e  no t  l a rqe ,  however, and 
t o t a l  o n l y  about one heteroatom per  molecule ( c o n t a i n i n g  an average o f  34 carbon atoms) 

Recycle Solvent  o r  t h e  800-F SCT Recycle Solvent  f r a c t i o n  w i t h  3 g o f  I l l i n o i s  #6 
coa l  under 1000 ps ia  (room temperature) hydrogen o r  hel ium. The r e s u l t s  a r e  
l i s t e d  i n  Table 4. 

when exposed t o  t h e  workup procedure be fo re  l i q u e f a c t i o n  a t  e leva ted  temperature, 
t he  r e s u l t s  have been co r rec ted  us ing  b lank e x t r a c t i o n s  o f  t h e  s t a r t i n g  m a t e r i a l s  

Approximately 36 
The 800-F m a t e r i a l  has a h ighe r  H/C 

As expected, i t  
The 800'F f r a c t i o n  con ta ins  80 percent  o f  

L ique fac t i on  experiments have been done u s i n g  6 g o f  e i t h e r  t h e  t o t a l  SCT 

Since both so l ven ts  and t h e  coa l  a r e  p a r t i a l l y  s o l u b l e  i n  THF and heptane 
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t o  r e f l e c t  t h e  changes in the three  so1ubilit.v f r ac t ions  before and a f t e r  l ique- 
fac t ion .  The r e s u l t s  have a l s o  been corrected t o  rei:iove the ash a n d  moisture 
present in the s t a r t i n g  coal.  The reaction conditions have been chosen t o  obtain 
good, b u t  not complete conversions so t h a t  differences due t o  the solvent and gas 
atmosphere can be seen. The reaction conditions gave nearly equal conversions of 
MAF THF inso lubles ,  except for the 800-F SCT Recycle Solvent under hydrogen, which 
gave a s ign i f i can t ly  higher conversion. Most of the  THF insoluble material i s  
converted t o  THF soluble-heptane insolubles (preasphaltenes plus asphal tenes) .  
Under helium there  i s  a small ne t  loss of heptane solubles ( o i l s ) .  

Hydrogen i s  produced on balance under a helium atmosphere while hydrogen i s  
incorporated i n t o  the  products on balance under a hydrogen atmosphere. The 800-F 
SCT Recycle Solvent may be exceptional in t h i s  respect and ac tua l ly  re lease  a 
small amount of hydrogen, even in the presence of 1000 p s i q  of hydrogen. The 
e f f e c t s  of d i f f e r e n t  solvents a n d  gas atmospheres on CO i s  negligible b u t  more 
CO2 i s  produced under helium a n d  more CH 

The 800-F and 800'F SCT Recycle Sotvent f r ac t ions  a re  now being separated 
in to  c emical c lasses  using the l iqu id  chromatography method described by Later,  
e t  a l . ? 8 ) '  Preliminary r e s u l t s  from the  separation of the  800+F SCT Recycle Solvent 
f r ac t ion  a re  l i s t e d  in Table 5. 

i s  produced under hydrogen. 

Table 5. Separation of 800'F SCT Recycle Solvent 
Fraction by Liquid Chromatoqraphy 

Recovery, 
Solvent Chemi cal  C 1  ass Weight Percent 
Hexane Aliphatic hydrocarbons 4 . 9  

Benzene Aromatic hydrocarbons 27 .9  
Chloroform N-Aroma t i cs 4.8 
THF-EtOH (10%) OH-Aromatics 33.3 
Total recovery 70.8 

The 800'F material i s  approximately one-quarter aromatic hydrocarbons and 

These separations wi l l  be extended t o  the 800-F SCT Recycle Solvent f r ac t ion  
5 percent of a l ipha t i c  hydrocarbons and N-aromatics. 

and then these f rac t ions  will  be added separa te ly  t o  the 800-F recycle solvent t o  
determine the e f f e c t  of various types of solvent molecules on the  conversion and 
y i e lds  during the  coal d i sso lu t ion  s t ep .  

Ac know1 edqement 

The a u t h o r  g ra t e fu l ly  acknowledges the rece ip t  of samples from Harvey 
Schindler and James Chen of Lummus.  Bruce Utz ,  DOE ( P E T C ) ,  provided a l l  of the 
information needed t o  cons t ruc t  the  microautoclave reac tor  system. 
DOE (Germantown) has provided many useful ins ights  t o  t h i s  work. 
DOE (PETC) i s  the pro jec t  monitor. 
U.S. Department of Energy, G r a n t  No. DE-FG22-82PC50783. However, any ooinions, 
f ind ings ,  conclusions, o r  recommendations expressed herein a re  those of the 
author and do not necessar i ly  r e f l e c t  the views of D O E .  

Eneo Moroni, 
Sayeed Akhtar, 

This work was prepared with the support o f  the 

Li te ra ture  C i  tecJ 

(1) Process Development fo r  Improved SRC Options; Kerr-McGee Cr i t ica l  Solvent 
Deashing a n d  Fractionation S tudies .  Final Report on EPRI Project 1134-2 
by Kerr-McGec Corporation, J u l y  1981. 

(2) !!ew:orth, I . : .C. a n d  Moroni, E.C., "Development of a Two-Staqe Liquefaction 
Process", Adv. Coal U t i l i za t ion  Technology Symposium Papers, 345-58, IGT 
( 1  979).  

72 



( 3 )  Thomas, M . G . ,  Sample, D . G . ,  and Floyd, J.L., Se lec t iv i ty  of Catalysts Towards 
Coal-Derived Products, NTIS Sand 79-182GC. 

(4 )  Fundamental Studies i n  the Conversion o f  Coals t o  Fuels of Increased Hydrogen 
Content, Final Report on EPRI Project 1655-1 by Mobil Research and Develop- 
ment Corporation, November 1981. 

(5) The Effect of Basic-Nitrogen Solvents on Coal Conversion, Proceedings o f  the  
Seventh Annual EPRI Contractors'  Conference on Coal Liquefaction, May 12-14, 
1982. 

(6) "Advanced Coal Liquefaction", EPRI Journal,  P. 31-34, May 1982. 
( 7 )  Wilson, B.W.,  Pelroy, R . A . ,  Mahlum, D.D.  and Frazier,  M . E . ,  Mutagenicity and 

Carcinogenicity Test Results on  ITSL Process Streams, Proceedings ITSL 
Program Contractors'  Project Review Conference, October 6-7, 1982. 

(8) Later, D . W . ,  Lee, M . L . ,  Bartle,  K . D . ,  Kong, R . C .  and VaSSilOrOS, D . L . ,  
Chemical Class Separation and Characterization of Organic Compounds in 
Synthetic Fuels, Anal. Chem. 1981, 1612-20. 

73 



TABLE 1. ANALYSES OF SCT RECYCLE SOLVENT AND 
HEAVY OIL PRODUCT FROM THE LUMMUS 
ITSL PROCESS PILOT PLANT 

Sample SCT Recycle Solvent  SCT Heavy O i l  Product 

Elemental Analyses, H t  % 
Ash 1.30 3.61 
Carbon 86.77 85.87 
Hydrogen 6.88 5.74 
N i t rogen  0.94 1.02 
S u l f u r  0.53 0.99 
Oxygen (by d i f f e r e n c e )  3.6 2.8 
H/C 0.95 0.80 

D i s t i l l a t i o n  Data, W t  % 

800-F 35.6 38.2 
800'F 64.4 61.8 

THF S o l u b i l i t y ,  Wt % 96.4 88.6 
Molecular  Weight, g/mole 477 424 

(2SCT16-1122) (2SCT-1122) 

TABLE 2. ANALYSES OF ILLINOIS #6 COAL FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Proximate Analyses, W t  % As-Recei ved 0 r Y  
Mois ture 3.99 
Ash 9.72 10.12 
Elemental Analyses, klt % 

Carbon 69.73 72.63 
Hydrogen 4.93 4.67 
Ni t rogen 1.18 1.23 
S u l f u r  2.88 3.00 
Oxygen (by d i f f e r e n c e )  8.35 

H/C 0.77 
P a r t i c l e  S i ze  D i s t r i b u t i o n ,  W t  % 

+70 mesh 
-70 +120 
-120 +zoo 
-200 +325 
-325 

0.07 
3.64 

18.90 
14.84 
62.55 

THF S o l u b i l i t y ,  b i t  % 13.7 
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TABLE 3. ANALYSES OF I C C - F  AN0 800+F FRACTIONS FROM 
THE DISTILLATICP, OF SCT RECYCLE SOLVENT 
(2SCT16-1122) 

._ ___ ... _ _ - _  
Sample m- F 800'F 

Weioht % o f  
S t a r t i n o  M a t e r i a l  35.6 64.4 

Elemental Analyses, \.It % 

Carbon 90.96 87.88 
Hvdroqen 7.12 6.18 

0.57 1.30 
0.23 0.69 
1.12 1.95 

G t r o i j e n  
S u l f u r  
Oxygen (by d i f f e r e n c e )  

Ash <0.01 2.00 
H/C 0.94 0.84 
Molecular  Weight, g/mole 257 456 
S o l u b i l i t i e s ,  W t  % 

THF i n s o l u b l e s  0.0 5.5 
39.5 
57.9 

Heptane i n s o l u b l e s  
Heptane so lub les  

TABLE 4. SUMMARY OF MICROAUTOCLAVE LIQUEFACTION RESULTS 
WITH SCT RECYCLE SOLVENTS AND ILLINOIS 66 COAL 

Run No. 7 15 9 17 
So lven t  T o t a l  SCT Recycle So lven t  800-F SCT Recycle Solvent  

Gas Atmosphere He 
Conversion o f  MAF 
THF Inso lub les ,  % 78.2 
Net Chanqe o f  Heptane 
Inso lub les ,  % o f  T o t a l  19.0 
MAF Products 
Net  Chanqe o f  Heptane 
So lub les ,  % o f  T o t a l  -2 .0 
MAF Products 
Gas Analyses, Volume % 

0.85 
0.16 
1.06 
0.77 
0.49 

"2 He H2 

75.0 78.6 84.6 

17.8 18.0 19.2 

0.5 -0.0 1.1 

-7.87 1.09 1.55 
0.12 0.13 0.14 
0.75 1.15 0.58 
0.98 0.75 0.90 
0.39 0.35 0.34 
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